ABSTRACT : This paper gives an overview of the availability, nutritive quality, and possible strategies to improve the utilization of rice straw as a feed ingredient for ruminants. Approximately 80% of the rice in the world is grown by small-scale farmers in developing countries, including South East Asia. The large amount of rice straw as a by-product of the rice production is mainly used as a source of feed for ruminant livestock. Rice straw is rich in polysaccharides and has a high lignin and silica content, limiting voluntary intake and reducing degradability by ruminal microorganisms. Several methods to improve the utilization of rice straw by ruminants have been investigated in the past. However, some physical treatments are not practical because of the requirement for machinery or treatments are not economical feasible for the farmers. Chemical treatments, such as NaOH, NH 3 or urea, currently seem to be more practical for onfarm use. Alternative treatments to improve the nutritive value of rice straw are the use of ligninolytic fungi (white-rot fungi), with their extracellular ligninolytic enzymes, or specific enzymes degrading cellulose and/or hemicellulose. The use of fungi or enzyme treatments is expected to be a more practical and environmental-friendly approach for enhancing the nutritive value of rice straw and can be costeffective in the future. Using fungi and enzymes might be combined with the more classical chemical or physical treatments. However, available data on using fungi and enzymes for improving the quality of rice straw are relatively scarce.
INTRODUCTION
In tropical zones in the world, ruminants depend on year-round grazing on natural pastures or the animals are fed with cut grass and crop residues. Most of these areas face seasonal dry periods in which the availability of pasture decreases and also its quality by a reduction in the content of digestible energy and nitrogen. Due to the fact that in these areas rice straw is abundantly available from cultivating rice, farmers offer rice straw as the main roughage source to their animals. This is particularly the case in Southeast Asian countries such as Thailand, Vietnam and Indonesia (NARC newsletter, 2004) . Feeding only rice straw does not provide enough nutrients to the ruminants to maintain high production levels due to the low nutritive value of this highly lignified material. The high level of lignification and silicification, the slow and limited ruminal degradation of the carbohydrates and the low content of nitrogen are the main deficiencies of rice straw, affecting its value as feed for ruminants (reviewed by Van Soest, 2006) . As rice straw is poorly fermented, it has low rates of disappearance in the rumen and low rates of passage through the rumen, reducing feed intake (Conrad, 1966) . By treating rice straw with urea or calcium hydroxide or by supplementing rice straw with protein, intake, degradability and milk yield can be enhanced, compared to feeding untreated rice straw alone (Fadel Elseed, 2005; Wanapat et al., 2009) .
In past years, several studies have been reported on the physical and chemical characterization and utilization of rice straw as ruminant feed (Shen et al., 1998; Abou-ElEnin et al., 1999; Vadiveloo, 2000; 2003) . In addition, numerous methods of physical, chemical and biological treatments have been investigated, including supplementation with other feed stuffs or components in order to improve the utilization of rice straw by ruminants (Reddy, 1996; Karunanandaa and Varga, 1996a,b; Shen et al., 1999; Vu et al., 1999; Liu and Ørskov, 2000; Selim et al., 2004) . Rice straw is usually fed untreated without supplements in spite of the fact that many methods for improved utilization of rice straw have been developed and recommended. There are several reasons for farmers not to apply the already developed methods for improved utilization of straw, such as physical, socio-economic conditions and practical reasons (Devendra, 1997) . In general, the use of rice straw as an animal feed as well as its treatment is always an economic decision.
The aim of this contribution is to provide an overview of existing knowledge on how to treat rice straw to increase its feed value for ruminants. Emphasis is placed on new approaches using enzymes and fungi and combinations of these with other, more classical, treatments, such as physical and chemical treatments.
AVAILABILITY OF RICE STRAW
Agriculture plays a significant role in the world to feed the growing human population. Therefore, land for crop production will be used more intensively for human food production and consequently animal production will rely on feeding the by-products from the food produced for human consumption. This especially will be the case for rapidly growing economies in several parts of Asia, increasing also the demand for meat and milk at a high rate. Thus, many countries in this area urgently need to increase their livestock production.
Many by-products from the human food industry have in common a high biomass, low crude protein content of approximately 3 to 4% and high content of crude fiber of approximately 35 to 48% (Devendra, 1997) . In many developing countries these fibrous crop residues, such as cereal straws, sugarcane tops, bagasse, cocoa pod husks, pineapple waste, etc., are usually fed to ruminants.
Approximately 80% of the world's rice is grown by small-scale farmers in many developing countries including South East Asia (Table 1) and it is common to use rice straw for animal feeding. Devendra and Thomas (2002) mentioned that rice straw is the principal crop residue fed to more than 90% of the ruminant livestock in this area. The calculated utilization of rice straw for animal feed in South East Asia, including China and Mongolia, was 30-40% of the total rice straw production (Devendra, 1997) . Rice straw is especially important during periods when other feeds are inadequate. In general, the maximum intake of rice straw by ruminants is about 1.0 to 1.2 kg per 100 kg live weight (Devendra, 1997) . In Southeast Asia rice straw is mainly utilized by swamp buffaloes and cattle with adult live weights of 350 and 200 kg respectively (Devendra, 1997) .
With an average intake of 1 kg of rice straw per 100 kg live weight, this gives a total annual intake of 1.28 and 0.73 t for buffaloes and cattle respectively. The annual requirements for the current populations of swamp buffaloes and cattle are therefore 51.2 and 89.4 million t respectively and a total requirement of 140.6 million t, representing 30.4% of the total annual available rice straw.
GENERAL CHARACTERISTICS OF RICE STRAW

The chemical composition of rice straw
The chemical composition of rice straw varies between varieties and growing seasons, with higher nitrogen and cellulose contents in early-season rice compared to others (Shen et al., 1998) . The chemical and mineral compositions of rice straw, from Chinese data, are illustrated in Table 2 and 3.
Nutritive quality of rice straw
Rice straw consists predominantly of cell walls, comprised of cellulose, hemicellulose, and lignin. To break down these components cellulase, hemicellulase and ligninase are required (Schiere and Ibrahim, 1989) . These enzymes are not produced by the animals themselves but the reticulorumen of ruminants maintains microorganisms that do produce cellulase and hemicellulase. However, lignin cannot be broken down in the rumen due to the lack of ligninase. Even if lignin could be degraded in the rumen it would not provide much energy for the animals. Lignin, however, has important effects on livestock production through effects on degradability and feed intake. Theoretically, lignin located between the cellulose microfibrils is regarded as the most abundant natural aromatic organic polymer that plays a role in resisting compressing forces, providing protection against consumption by insects and mammals, and also inhibiting the rate and degree of microbial degradation (Iiyama et al., 1990) . Silica, one element of the rice cell walls, can be present in high concentrations ranging from 5% to 15%, depending on the rice variety (Vadiveloo, 1992) and the availability of this mineral in the soil (Agbagla-Dohnani et al., 2003) . Silica reduces palatability and the degradability of rice straw in the rumen due to its direct action in preventing colonization by ruminal microorganisms (Bae et al., 1997; Agbagla-Dohnani et al., 2003) . The role of silica on the quality of rice straw was also reviewed by Van Soest (2006) , in an attempt to put into perspective the problems of silicon metabolism. Besides cell wall polymers, rumen organisms need other nutrients for growth and metabolism (Hoover, 1986) . Since rice straw does not contain enough sugars, amino acids and minerals for efficient microbial growth, feeding ruminants with only rice straw, without any supplementation of the other required nutrient sources, will result in poor performance of the animals (Doyle et al., 1986) . The combination of low intake, low degradability, low nitrogen content and an unbalanced mineral composition means that rice straw alone may not even meet the animal's maintenance needs. Poor degradability is caused by a series of factors (Schiere and Ibrahim, 1989) . The fiber is very difficult to degrade, which is partly an intrinsic characteristic of the straw fiber. The degradation of the straw fiber is also complicated by the poor functioning of the rumen due to the unbalanced availability of nutrients, the low protein content, the lack of easily available energy and the low content of essential minerals such as P and S. Hence, due to the low degradability and the poor rate of degradation, animals will tend to consume less. The mechanism regulating voluntary intake of low quality feeds, such as rice straw, is still not fully understood. The generally accepted theory of feed intake regulation for poor quality roughages is that the capacity of the rumen to process the feed is the major factor determining voluntary feed intake (Conrad, 1966; Baile and Forbes, 1974) . The rumen processing capacity is characterized by rumen fill, the rate of degradation of potentially degradable matter and the rate of passage out of the rumen. Devendra (1997) summarized that the main determinants of intake and degradability of rice straw depend on their morphological characteristics, such as the proportion of the different plant parts (leaves and stems), their chemical composition and the distribution of the different chemical components in the tissues, their relative amounts of cell contents and cell walls and the physical and chemical nature of the cell walls. Shen et al., 1998) These factors influence the chewing behavior of animals and the extent of fragmentation in the reticulorumen.
Rice straw contains a relatively high proportion of leaf (60%), compared to other cereal straws such as barley (35%), oats (43%) and wheat (20-41%) (Theander and Aman, 1984) . Leaves of rice straw contain less NDF than the stems, but more ash and acid-insoluble ash, resulting in a lower in vitro dry matter digestibility (IVDMD) of the leaves (50-51%) compared to the stems (61%) (Vadiveloo, 2000) . In goats, Phang and Vadiveloo (1992) observed an in vivo dry matter digestibility of 56.2% for rice leaf and 68.5% for the stem. However, treatment with a 4% urea solution for 21 d increased the IVDMD of the leaf fraction more than that of the stem fraction (Vadiveloo, 2000) . Since rice straw consists of approximately 60% leaves (Vadiveloo, 1995) , which are less degradable than stems, improving the feed value of rice straw should focus on improving the degradability of the leaves.
POSSIBLE STRATEGIES TO IMPROVE RICE STRAW UTILIZATION
Basically, the key to improving the use of crop residues for ruminants is to overcome their inherent barriers to rumen microbial fermentation. In the case of rice straw, the important factors that restrict bacterial degradation in the rumen are its high levels of lignification and silicification, and its low contents of nitrogen, vitamins and minerals. To improve the feeding value of rice straw, the straw can be treated with different means and methods and other required nutrients can be supplied to the ration of the animal. Strategies to improve the utilization of rice straw are summarized in Figure 1 (after Ibrahim, 1983) .
Physical treatment
Crop residues can be ground, soaked, pelleted or chopped to reduce particle size or can be treated with steam or X-rays or pressure cooked. Uden (1988) observed that grinding and pelleting of grass hay decreased dry matter degradability in cows from 73 to 67%, which was mainly due to a decreased fermentation rate (9.4-5.1%/h) and decreased total retention time of the solids from 73 to 54 hours, resulting in an increased intake (Stensig et al., 1994) . Liu et al. (1999) reported that the use of steam treatment in a high pressure vessel at different pressures and for a range of different treatment times increased the degradation in vitro in rumen fluid after 24 h and the rate of degradation, but could not enhance the potential degradability of the fibrous fractions (NDF, ADF and hemicellulose). Physical treatments of crop residues have received an appreciable amount of research. Many of these treatments are not practical for use on small-scale farms, as they require machines or industrial processing. This makes these treatments in many cases economically unprofitable for farmers as the benefits may be too low or even negative (Schiere and Ibrahim, 1989) . However, small machines to grind or chop rice straw may be feasible.
Chemical treatment
Chemicals to improve the utilization of rice straw may be alkaline, acidic or oxidative agents. Among these, alkali agents have been most widely investigated and practically accepted for application on farms. Basically, these alkali agents can be absorbed into the cell wall and chemically break down the ester bonds between lignin and hemicellulose and cellulose, and physically make the structural fibers swollen (Chenost and Kayouli, 1997; Lam et al., 2001) . These processes enable the rumen microorganisms to attack more easily the structural (Ibrahim, 1983). carbohydrates, enhancing degradability and palatability of the rice straw (Prasad et al., 1998; Shen et al., 1999; Selim et al., 2004) . The most commonly used alkaline agents are sodium hydroxide (NaOH), ammonia (NH 3 ) and urea. Chemical treatments appear to be the most practical for use on-farm, as no expensive machinery is required, the chemicals are relatively cheap and the procedures to use them are relatively simple. However, the chemicals themselves are not harmless and safety precautions are needed for their use.
NaOH treatment : Several NaOH treatment methods to improve the use of crop residues for ruminant feeding have been developed as reviewed by Jackson (1977) , Berger et al. (1994) and Arieli (1997) . The principal advantages of the different NaOH treatment methods are increased degradability and palatability of treated straw, compared to untreated straw (Chaudhry and Miller, 1996; Vadiveloo, 2000) . However, NaOH is not widely available as a resource for small-scale farmers and may be too expensive to use. In addition, the application of NaOH can be a cause of environmental pollution, resulting in a high content of sodium in the environment (Sundstøl and Coxworth, 1984) .
NH 3 treatment : Treatment of straw with anhydrous and aqueous ammonia, urea or other ammonia-releasing compounds has been widely investigated to improve degradability (Abou-EL- Enin et al., 1999; Selim et al., 2002; Fadel-Elseed et al., 2003) . The principle of ammonia treatment is supposed to be similar to that of NaOH treatment. Ammonia treatment not only increases the degradability of the straw, but also adds nitrogen (Abou-EL-Enin et al., 1999) and preserves the straw by inhibiting mould growth (Calzado and Rolz, 1990) . Besides, improvement in degradability of structural carbohydrates, ammonia treatment is an effective means of reducing the amount of supplemental nitrogen, reducing the costs of purchasing protein-rich feedstuffs, and enhancing acceptability and voluntary intake of the treated straw by ruminants. Although comparative studies in improving the energy value of straw have shown that ammonia treatment is less efficient than NaOH (Liu et al., 2002) , its use may be more profitable for farmers as the added ammonia serves as a source of nitrogen. In a previous study using sheep, Selim et al. (2004) treated rice straw packed in polyethylene bags for 4 weeks with gaseous ammonia (3 g NH 3 per 100 g dry matter). The excess ammonia was removed before offering the straw to animals. The ammonia treatment increased the N content in the rice straw from 8.16 to 18.4 g kg -1 (CP content increased from 51 to 115 g kg -1 ). The ammonia treatment slightly decreased the NDF content from 571 to 551 g kg -1 , because of dilution with the additional N, but increased the ADF content from 303 to 327 g kg -1 , indicating that the cell wall properties were changed. Moreover, the physical strength of ammoniated rice straw was significantly lower than that of the untreated straw. In addition, the proportion of small feed particles tended to be higher and stimulated more attachment and growth of the rumen bacteria (Selim et al., 2002) . The reduced particle size and the increased attachment sites could lead to subsequent increased microbial colonization and digestion. So, ammonia treatment increases feed value by making the cell wall more available for the rumen microorganisms and also the increased N content improves microbial growth.
Urea treatment : Rice straw can also be treated with urea, which releases ammonia after dissolving in water. For practical use by farmers, urea is safer than using anhydrous or aqueous ammonia and also provides a source of nitrogen (crude protein) in which straw is deficient (Schiere and Ibrahim, 1989) . Since urea is a solid chemical, it is also easy to handle and transport (Sundstøl and Coxworth, 1984) and urea can be obtained easily in many developing countries. In addition, urea is considerably cheaper than NaOH or NH 3 . Vadiveloo (2003) reported that rice varieties with a low degradability responded better to urea treatments than higher quality straw, increasing the in vitro dry matter degradability from 45 to 55-62%. Urea treatment may therefore be most suitable for small-scale farmers to improve the quality of straws, particularly varieties showing a low degradability. In the past, numerous investigations involving urea treatment of rice straw, with or without additional supplementation, were performed not only in the laboratory (Reddy, 1996; Shen et al., 1998; Vadiveloo, 2003) but also in field trials (Prasad et al., 1998; Vu et al., 1999; Akter et al., 2004) . Pradhan et al. (1997) showed that addition of Ca(OH) 2 to urea improved the IVDMD. Sirohi and Rai (1995) demonstrated that a combination of 3% urea plus 4% lime at 50% moisture for 3 weeks incubation time was the most effective treatment for improving degradability of rice straw. Using urea is regarded as a practical and available method in livestock production, especially in developing countries, as it is relatively cheap, adds nitrogen to the ration and is relatively safe to work with.
Urine treatment : As urine contains urea, urine can be used as a source of urea and ammonia to improve the quality of rice straw. Urine can be sprayed on the straw in a similar way as is done with urea solutions (Dias da Silva, 1993) and can provide a nearly equal improvement of the degradability and nitrogen content as other methods of ammonia treatment (Dias da Silva, 1993; Schubert and Flachowsky, 1994) . However, research on this subject has been quite limited and there is currently inadequate information available to define clearly the conditions to optimize urine treatment (Dias da Silva, 1993) . Moreover, the use of urine is hampered by the difficulty of separation of urine from feces in ruminant husbandry. This also makes the use of urine rather unhygienic and therefore not advisable to use, although its use is without costs for farmers and urine is normally available in excess.
Lime treatment : Lime (CaO/Ca(OH) 2 ) is a weak alkali agent with a low solubility in water. It has been reported that lime can be used to improve the utilization of straw and also can be used to supplement the ration with calcium, which has been found to be in a negative balance in cattle fed only rice straw (Hadjipanayiotou, 1984; Pradhan et al., 1997; Chaudhry, 1998) . Soaking and ensiling are two methods of treating straw with lime. Although lime treatments increase the degradability of straw, the dry matter intake decreases, due to a reduced acceptability of the treated feed by animals. Pradhan et al. (1997) reported that ensiling rice straw with 4 or 6% Ca(OH) 2 showed a higher IVDMD than using 4 or 6% urea. However, mould growth was noticed in the Ca(OH) 2 treated straw. It was suggested that a combination of lime and urea would give better results than urea or lime alone. This combination has the advantage of an increased degradability and an increased content of both calcium and nitrogen. Additive effects of lime and the other alkali agents have been demonstrated (Saadulah et al., 1981; Hadjipanayiotou, 1984) . The use of lime may be safer and more cost effective to use than NaOH.
Feeding rice straw supplemented with other components
As rice straw is low in nitrogen and difficult to degrade, it is obvious that supplementation of a ration of rice straw with a protein source and a more easily accessible energy source will improve the performance and production of the animals. Supplementation of a ration of rice straw with protein, energy and/or minerals may optimize rumen function, also maximizing utilization of the rice straw and increasing intake. Chenost and Kayouli (1997) emphasized that it is primarily necessary to supply the rumen microorganisms with the nutritive elements needed for selfmultiplication as well as for degradation of the cell walls of straw, leading to suitable conditions for maintenance of good cellulolysis. Different supplements can be used, such as concentrates, molasses, multi-nutrient blocks, green leaves, crop residues and locally available by-products. In the case of high-yielding dairy cows, the supplements can be the major part of the ration where fibrous feed only serves to supply the rumen with enough fiber. Warly et al. (1992) showed in a field trial that a ration of rice straw supplemented with soybean meal increased both degradability and intake. Because of the poor quality of untreated rice straw, supplementation easily can increase milk production, as shown for supplementation with cottonseed meal (Wanapat et al., 1996) and with an ureamolasses-multi-nutrient block (Vu et al., 1999; Wanapat et al., 1999; Akter et al., 2004) .
Biological methods
The use of fungi and/or their enzymes (Table 4) that metabolize lignocelluloses is a potential biological treatment to improve the nutritional value of straw by selective delignification, as mentioned in the review by Jalc (2002) . Nevertheless, it is currently too early to apply this method in developing countries due to the difficulties and lack of technology to produce large quantities of fungi or their enzymes to meet the requirements. There are also a number of serious problems to consider and overcome (Schiere and Ibrahim, 1989) . For example, the fungi may produce toxic substances. It is also difficult to control the optimal conditions for fungal growth, such as pH, temperature, pressure, O 2 and CO 2 concentration when treating the fodder. With recent developments in fermentation technology and alternative enzyme production system, the costs of these materials are expected to decline in the future. Hence, new commercial products could play important roles in future ruminant production systems (Beauchemin et al., 2004) .
White-rot fungi treatment : White-rot fungi, belonging to the wood-decaying basidiomycetes, as lignocellulolytic microorganisms are able to decompose and metabolize all plant cell constituents (cellulose, hemicellulose and lignin) by their enzymes (Eriksson et al., 1990) . Many species of white-rot fungi which are effective lignin degraders have been used to assess their ability to improve the nutritive value of fodder for ruminant nutrition (Yamakava and Okamnto, 1992; Howard et al., 2003) . Their extracellular lignin-modifying enzymes consist of lignin-peroxidase (LiP), manganese-dependent peroxidase (MnP), laccase (phenol oxidase) and H 2 O 2 -producing oxidase (aryl-alcohol oxidase; AAO and glyoxaloxidase) (Kirk and Farrell, 1987; Arora et al., 2002; Novotny et al., 2004; Arora and Gill, 2005; Lechner and Papinutti, 2006 ). An overview of investigations using fungi and their determined enzymes is given in Table 4 .
Some white-rot fungi are able to decompose free phenolic monomers and to break the bonds with which lignin is cross-linked to the polysaccharides in rice straw (Chen et al., 1996) , enhancing IVDMD (Karunanandaa et al., 1992; 1995; Karunanadaa and Varga, 1996a,b; Fazaeli et al. (2006) . Karunanandaa et al. (1995) reported the effect of incubation of rice straw for 30 days with three white-rot fungi, showing that Pleurotus sajor-caju enhanced IVDMD, in both leaves and stems of rice. However, entire rice straw (leaf and stem) treated with Cyathus stercoreus had the highest IVDMD compared to the other fungi (Karunanandaa et al., 1992) .
Using white-rot fungi to increase the degradability of straw is often at the expense of easy assessable carbohydrates, such as cellulose and hemicellulose, resulting in less degradable feed for ruminants (Karunanandaa et al., 1995; Karunanandaa and Varga, 1996a, b; Jalc, 2002) . In fact, cellulose and hemicellulose losses during the initial part of incubation with fungi are rather common, but losses due to mycelial growth depend on the fungus species (Table 5) . After the initial period of incubation, some white-rot species preferably attack lignin, without degrading cellulose and hemicellulose. Rodrigues et al. (2008) were able to extract the enzymes from whiterot fungi that are responsible for breaking down the bonds in lignin and within the matrix of cell wall carbohydrates, but without also extracting enzymes affecting hemicellulose and cellulose. Using these enzymes on wheat straw the in vitro NDF degradability (IVNDFD) increased.
Although the use of fungi to improve the feed value of rice straw is not new, progressing research and new knowledge offers new challenges and possibilities. Fungi can be selected that preferably attack lignin and not the structural carbohydrates in the cell walls. Once these species are identified, mycologists can breed even better strains. The most desirable situation would be that the mushrooms of the fungi are edible and can be harvested by farmers, after which the remaining straw can be fed to their herd. There are some edible white-rot fungi, like Pleurotis ostreatus. However, much research is needed to achieve these goals. The most suitable white-rot species have to be identified and breeding programs will possibly be needed to improve their characteristics. Also, the optimal conditions to incubate straw with a fungus have to be investigated, not only with the purpose of harvesting quality mushrooms, but also achieving optimal feeding quality of the remaining straw-fungi mixture. To achieve optimal feed qualities of the straw, incubations with fungi in combination with other treatments, such as physical and chemical treatments, have to be investigated.
Exogenous fiber-degrading enzyme treatment : Most commercially available exogenous fiber-degrading enzyme Zhu et al. (2005) T. reesei Cellulase Rice straw Giraldo et al. (2007) T. longibrachiatum Cellulase Grass hay Wang et al. (2004) T. longibrachiatum Xylanase and β-glucanase Wheat straw Rai and Mudgal (1996) T. viride Cellulase Wheat straw Giraldo et al. (2007) Aspergillus niger Cellulase Grass hay Rezaeian et al. (2005) Fungi from sheep rumen residue Cellulase and Xylanase Barley straw Liu and Ørskov (2000) Penicillium fumicalosum Cellulase Rice straw Eun et al. (2006) Bacillus products consist of cellulases and xylanases, as produced for non-feed applications. Commercial enzymes used in the livestock feed industry are generally of fungal (mostly Trichoderma longibrachiatum, Aspergillus niger, A. oryzae) or bacterial origin (Table 6 ). Twenty-two commercial enzyme products were examined for biochemical characteristics and for in vitro ruminal degradation of alfalfa hay and corn silages (Comlombatto et al., 2003b) . Enzyme treatment alone or in combination with other treatments can increase the degradability of cereal straw by the rumen microorganisms (Liu and Ørskov, 2000; Wang et al., 2004; Zhu et al., 2005; Eun et al., 2006; Fazaeli et al., 2006; Rodrigues et al., 2008) (Table 7 ). In addition, using fibrolytic enzymes in ruminant feed have shown improvements in the average daily gain of steers (Beauchemin et al., 1995) , fleece weight and wool production of lambs (Jafari et al., 2005) and in milk yield of dairy cows (Yang et al., 2000) .
Some studies, using fibrolytic enzymes alone could not significantly increase the degradability of rice straw because the ability of these enzymes to break down the esterified bonds within lignin-carbohydrate complexes may be limited. However, when using in combination with other pre-treatments they could increase degradability and in vitro fermentation characteristics, as shown by Eun et al. (2006) who treated with xylanase or cellulase in combination with ammonia, by Liu and Ørskov (2000) who treated with cellulase from Penicillum funiculosum in combination with steam pre-treatment, and by Wang et al. (2004) who treated with multi-enzymes (xylanase, β-glucanase, carboxymethylcellulase and amylase) in combination with NaOH. The use of combinations of fibrolytic enzyme with these pre-treatments is expected to have a synergistic effect on the nutritive improvement of rice straw. Although, application of enzymes has proven to increase the feed value of poor quality feedstuffs, its use by smallholder farmers is, for the time being, economically unattractive. Especially, the use of lignin-degrading enzymes, originating from fungi, seems a promising development. However, using the fungi themselves, instead of their isolated enzymes, would be easier and cheaper to apply.
CONCLUSIONS
Although several treatments have been used to improve 1.5 ml 6 GP the degradability and voluntary intake of rice straw, such as physical or chemical treatments, the practical use of these treatments is still restricted in terms of safety concerns, costs and potentially negative environmental consequences. Using ligninolytic fungi, including their enzymes, may be one potential alternative to provide a more practical and environmental-friendly approach for enhancing the nutritive value of rice straw. The cost of exogenous enzymes is at present too high to be applied by smallholder farms, but this may change in the future. Moreover, the application of ligninolytic fungi or their enzymes combined with chemical pre-treatments to rice straw may be an alternative way to shorten the period of the incubation times and (or) decrease the amount of chemicals, effecting some synergy. Certainly, since available data on treatments using fungi and their enzymes for improving the quality of rice straw are relatively scarce, these techniques should be developed further.
